Excessive delivery of fine sediments to water bodies has a detrimental impact on the biotic elements used for water body status classification. Although diatoms are typically used to assess stress from eutrophication, as fine sediment has the potential to impact diatoms in many ways, it is not surprising that an index based on benthic diatom assemblages has been proposed: the relative abundance of motile species. This measure is based on the fact that many raphid diatom species are capable of migrating through deposited sediment to avoid negative impacts.
relative abundance of motile species. This measure is based on the fact that many raphid diatom species are capable of migrating through deposited sediment to avoid negative impacts.
However, the use of such an index has yet to be fully tested.
Various data analysis techniques were used to explore how indices based on diatom assemblages (related to eutrophication and siltation), diatom species, the traits motility, and nutrient affinity responded to a gradient of percentage cover of fine sediment. Although diatom species showed marked variation in their affinity for percentage cover of fine sediment, the relationship between motility (both percent motile and the trait motility) and deposited fine sediment is not sufficiently strong to be used as a reliable indicator of fine sediment stress.
We present an approach, which could potentially be used to develop a new index (diatom indicator of sediment conditions) on the basis of the response of diatoms to fine sediment, but caution that this index requires further development before use. Despite the hydromorphology having considerable potential to affect benthic diatoms, existing indices designed to assess eutrophication were robust to hydromorphological modification, reducing the possibility of false diagnosis of impacts. KEYWORDS eutrophication, hydromorphology, percent motile, phytobenthos, siltation, TDI, traits, water framework directive 1 | INTRODUCTION Diatom assemblages, as either phytobenthos or phytoplankton, are typically used to assess the extent of stress from eutrophication (nutrient pollution as dissolved inorganic phosphorus or to a lesser extent dissolved inorganic nitrogen (e.g., Kelly et al., 2001; Kelly & Whitton, 1995) . However, it has been suggested that benthic algae, in addition to sensitivity to nutrients, are also particularly prone to the impacts of increased fine sediment loads (Jones, Duerdoth, Collins, Naden, & Sear, 2014) . As benthic algae are photosynthetic, they are dependent upon light; any increase in the turbidity of the water column caused by suspended fine sediment will reduce light availability and, hence, reduce photosynthesis and biomass of benthic algae.
Nevertheless, increased delivery of fine sediment to rivers has the potential to impact diatom assemblages in many ways, both direct (e.g., scouring by saltating particles: Okada, 2009 ) and indirect (e.g., through changes to herbivorous invertebrates: Jones et al., 2012b) .
One of the most profound effects of fine sediment occurs as a consequence of deposited material smothering benthic algae and the substrata to which they attach (Jones et al., 2014) . Hence, it is not surprising that an index of sediment pressure based on benthic diatom assemblage structure has been proposed. This index comprises simply the relative abundance of motile species (Bahls, 1993) . This measure is based on the fact that many species of raphid diatoms are capable of migrating through deposited sediment and, thus, avoid the negative effects of burial. There is clear utility of such an index for assessing the impact of hydromorphological modifications to rivers, particularly those that alter the rate of delivery and retention of fine sediment.
Hence, this index (relative abundance of motile species) has been variously adopted by regulatory authorities worldwide to interpret the impact of siltation on diatom communities.
Negative effects of hydromorphological modification could be expected through both direct and indirect impacts on the substrate on which benthic algae grow. For example, direct modification of in-stream and marginal habitat will alter substrate composition, whereas reductions in flow velocity, caused by impoundments, tend to increase the deposition of fine sediment altering both bed substrate and the potential for planktonic algae to thrive. There is also the potential for hydromorphological modifications to affect diatom assemblages in ways other than through changes of the substrate, for example, through modification of near-bed flow velocity which is known to influence boundary layers and, hence, growth and photosynthesis of primary producers (Finlay, Power, & Cabana, 1999; Schneck, Schwarzbold, & Melo, 2011) .
As with all attempts to link ecology to hydromorphological alterations, there is a potential issue of scale (Larsen, Vaughan, & Ormerod, 2009) . It is typical for hydromorpholgical assessments to be undertaken at the reach scale, although biota are frequently sampled at a patch scale: The degree to which biological communities are nested between these two scales will influence how community composition reflects pressures (Larsen & Ormerod, 2010) , as will the mechanism by which hydromorphological stress impacts upon the community (Jones et al., 2012b) . Diatoms are affected by fine sediment in various direct and indirect ways (Jones et al., 2014) , and it cannot be assumed that by sampling patches of hard substrate, any impact of fine sediment will be avoided other than immediate patch-scale effects (e.g., abrasion, burial, and loss of substrate for attachment). At a community level, species (and traits) are lost as the proportion of "good" patches diminishes (Larsen & Ormerod, 2010) , and colonizer effects occur as the community in the surrounding habitat changes. Sediment-induced changes to the macrophyte flora influence flow, shade, and water chemistry (Jones, Eaton, & Hardwick, 1996; Jones, Collins, Naden, & Sear, 2012a) and will affect the diatom assemblage where sampled directly from macrophytes (Jones, Moss, Eaton, & Young, 2000) . Further, indirect impacts will occur as changes to the invertebrate and fish community cascade down to their food resources (Jones et al., 2012b ).
With such pronounced potential effects of hydromorphology on diatom assemblages, it is possible that diatom-based indices (other than relative abundance of motile species) may be sensitive to hydromorphological impacts. As these indices were developed largely to assess eutrophication stress, it is critical to determine if any change in the benthic algal community associated with hydromorphological alteration influences the relationship between these indices and nutrient stress, otherwise a false diagnosis of the issues acting on a site could be returned. Nevertheless, a diatom-based index capable of detecting stress from hydromorpological modification would be particularly useful as it would provide a measure of the impact at the base of the food web and would add to the arsenal of tools available, further increasing the confidence of any assessments made (Johnson, Hering, Furse, & Clarke, 2006) .
The primary objective of this work was to establish if the relative abundance of motile species is a valid measure of stress from fine sediment: Despite being in use for over 20 years, this index has yet to be fully tested. We were also interested to determine if hydromorphological alteration confounds interpretation of diatom-based indices. We worked from the hypothesis that hydromorphological alteration would influence diatoms traits, particularly motility, as this would confer an advantage to species that could migrate to avoid the impact of increased deposition of fine sediment or thicker benthic boundary layers. In addition, we hypothesized that the traits of motility and nutrient affinity would not be linked to each other, which would confer independence to diatom-based indices for assessing eutrophication and hydromorphological stress.
In order to achieve these objectives, we used existing data to address three key questions: Data from 1,578 sites in Germany, Austria, and the Netherlands, compiled from national monitoring agencies during the WISER project (Moe, Schmidt-Kloiber, Dudley, & Hering, 2013) , were used to establish the impact of hydromorphological pressure on the relationships between indices based on phytobenthos and phosphorus concentration using analysis of covariance. Standard Water Framework Directive protocols were used to collect and process samples of phytobenthos: Samples were collected from stone scrapes or plant stems, digested using hydrogen peroxide or acid permanganate and mounted on a slide where 300 valves were identified and counted (Kelly et al., 1998) 2.2 | Do percent motile taxa respond to variation in cover of fine sediment?
Data collected from 182 sites across Europe during the STAR project, which aimed to standardize biological assessment protocols , were used. At each site samples of phytobenthos were collected from stone scrapes or plant stems in spring, digested using hydrogen peroxide or acid permanganate and mounted on a slide where 300 valves were identified and counted (Kelly et al., 1998) .
The percent motile taxa were determined following Jones et al. site: Deposited fine substrate was considered to be sand and silt, clay, and the sum of both these categories. Both percent motile and percent cover of fine substrate were transformed using arcsin to normalize the data. Annual mean orthophosphate and total phosphate concentrations were derived colourimetrically using molybdenum blue (after digestion using hot persulphate for total). Conductivity was determined using a dip probe. The relationship between percent motile taxa, deposited fine substrate, and water chemistry variables was investigated using linear regression using SAS/STAT ® . Where significant relationships with bed composition were detected, analysis was repeated where all sites with zero fine substrate were excluded to determine if the results were trivial, that is, the influence of zero recorded fines was driving the relationship. Sites were scattered across Wales, covering a wide range of physicochemical conditions. In spring, samples of the diatom assemblage at each site were collected from five replicate stones (or macrophytes where suitable stones were lacking) randomly selected from the benthos: Attached algae were removed from the surface with a toothbrush, rinsed with stream water into clean HDPE bottles and preserved with
Lugol's iodine. On return to the laboratory, samples were digested with hydrogen peroxide and mounted on microscope slides. The slides were examined under × 1,000 magnification, with 300 diatom valves from random fields of view in each sample being identified to species level following Kelly and Yallop (2012) . The method, a standard approach for diatom samples (Kelly et al., 1998) , provides an estimate of relative abundance of taxa. Data on the trait of interest (i.e., mobility) were acquired from Jones et al. (2014) and on nutrient affinity (TDI score)
from Kelly and Yallop (2012) . The physical characteristics of each river reach from which diatom samples were collected were assessed either in the field or from maps, together with visual assessments of substrate composition as percentage cover within size classes of the international scale (ISO 14688-1:2002) . Percentage cover of fine substrate was determined as the sum of sand, silt, and clay. Conductivity and pH were determined in the field with dip probes. Nutrient concentrations were determined by standard analystical techniques on water samples collected at the time of sampling or modelled using frameworks capable of estimating pollutant loading from land use within each of the selected catchments (Gooday et al., 2014) .
Here, the objective was to quantify the association between variation in the diatom assemblage and the gradient of percentage cover of fine-grained sediment having first factored out that portion of the biological variation correlated with natural background variation between streams. Data were analysed using partial ordination, which involved a two-step process. The first step was to determine the main drivers of assemblage composition, the second step was to establish the varia- shown to be as effective as 6 months of fortnightly pH measurement using conventional probes (Ormerod, Lewis, Kowalik, Murphy, & Davy-Bowker, 2006) , and is now adopted by the UK environmental agencies for use in Water Framework Directive assessments.
All taxa that were found in less than 3% of samples were excluded from analyses. Canonical correspondence analysis (CCA) was used to establish the relationship between diatom assemblage composition and a number of candidate environmental variables characterising river condition and type. The environmental variables offered to the analysis included physical (e.g., distance from source, altitude, slope, and cross-sectional area) and chemical (nutrient concentrations, pH, and alkalinity) parameters, and the percentage cover of fine sediment (sand, silt, and clay). These variables were chosen as they are likely to include the main drivers of diatom assemblage composition. Variables were selected from this suite sequentially for inclusion in the model after testing the significance of their influence using Monte Carlo simulation tests. CCA was undertaken with Hill's scaling of ordination scores, with focus on interspecies distances, and manual forward selection (n = 999 permutations, p < .05 as the significance threshold for inclusion in the model) to determine the optimal subset of variables that accounted for the gradients in the diatom assemblage. The next step in the analysis was to remove the influence of the environmental variables that described river type, leaving only the relationship between fine sediment and diatom taxa. This was done by partial CCA (pCCA), using the physical and chemical variables associated with river type, which had been identified as significant above, as covariables. The variation in diatom taxa that remained was that explained by the amount of deposited fine sediment. All ordinations were undertaken using CANOCO 4.5 software (ter Braak & Šmilauer, 2002) . The output of the analysis was a single ranking of sensitivity of taxa to fine sediment irrespective of river type. Logistic regression was used in SAS/STAT ® to determine the probability of occurrence of the traits of interest, mobility, and nutrient affinity, relative to the distribution of the species scores on pCCA Axis 1, defined by the gradient of deposited fine sediment cover.
3 | RESULTS
| Are diatom indices sensitive to hydromorphological alteration?
There was a significant relationship with log 10 orthophosphate for almost all indices tested (Table 1) . However, hydromorphological alteration had no effect on this relationship (Table 1 and Figure 1 ):
The only significant interaction effects detected, suggesting an effect of hydromorphology on the relationship with log 10 orthophosphate, were trivial (i.e., the relationships explained little of the variation, and the scatter of points was within that of the unmodified sites: see Figure 1 ). It should be noted that percent motile showed a significant relationship with log 10 orthophosphate for three out of the six tests.
| Do percent motile taxa respond to variation in cover of fine sediment?
In the STAR data, weak relationships were found between the percent motile taxa and the percent cover of clay and of total fine sediment in the substrate. However, these relationships appeared to be trivial, driven by sites where zero fines had been recorded, which encompassed the full range of values for all other sites. No relationship between percent motile taxa and any measure of percentage cover of fine sediment in the substrate was found when the sites with zero fines were excluded (Figure 2a-c) . On the other hand, percent motile taxa showed a strong response to conductivity, orthophosphate, and total phosphate concentration (Figure 2d-f ).
| Does the diatom assemblage vary with cover of fine substrate?
The initial CCA on the Welsh data indicated that alkalinity, percentage fine sediment cover, orthophosphate concentration, and river slope at the site were best at describing the variation in the diatom taxa.
Although these results do not necessarily imply that these are the drivers of change in the diatom assemblages, simply that they were the best statistically at describing the observed variation in the assemblages, it is highly likely that these environmental parameters are the main determinants of diatom assemblage composition, that is, water chemistry, nutrients, and river type (i.e., background expected The influence of impoundments (a, b, and c), channel modification (d, e, and f), and in-stream habitat modification (g, h, and i) on the relationship between log 10 orthophosphate concentration and three indices of phytobenthos, TDI (a, d, and g), % planktonic taxa (b, e, and h), and % motile taxa (c, f, and i). Influence of hydromorphological modification assessed by analysis of covariance, see Table 1 for statistical significance of relationships. TDI = trophic diatom index at a site is determined by both the sediment load (amount of sediment entering the river) and retention (proportion of load that is deposited).
Sediment load is highly influenced by human activities in the catchment (e.g., agricultural practices), which influences the amount of deposited sediment in the river. The likelihood of further underlying master variables influencing the results is negligible. It should be noted that all samples were collected in spring so any influence of seasonal variation was obviated. Hence, alkalinity, orthophosphate concentration, and river slope at the site were used as covariables in the partial ordination, leaving only the influence of percentage fine sediment cover.
The first axis of the pCCA was correlated with percentage fine sediment cover. The distribution of the taxa along the first axis, a gradient of increasing percentage cover of fine sediment, was used to rank the diatom taxa from most to least sensitive to fine sediment (Figure 3) . The taxa most strongly correlated with a low percentage cover of fine sediment were Brachysira, Frustulia krammeri, Nitzschia tubicola, Diadesmis contenta, Nitzschia gracilis, and Surirella crumena, whilst those most strongly associated with a high cover of fine sediment were Cocconeis, Luticola mutica, small Navicula species, Navicula capitatoradiata, and Gyrosigma acuminatum.
Despite being a strong influence of percentage cover of fine sediment on diatom assemblage composition, the prevalence of motility appeared to be distributed across the gradient of fine sediment (Figure 4a ): There was no significant relationship between would have an effect on the algal community and how it would respond to nutrient availability. Furthermore, it was assumed that any hydromorphological modification that influenced substrate would affect phytobenthos: Substrate is thought to have a substantial influence on benthic algal community composition (Biggs, Stevenson, & Lowe, 1998; Schneck et al., 2011) . Percent motile taxa have been proposed as an index of deposited fine sediment (Bahls, 1993) and, due to the effect of fine sediment on the response of diatoms to nutrients, it is recommended that percent motile taxa are used when interpreting indices such as TDI (Kelly et al., 2001) . In these data, nutrients (log 10 orthophosphate) had a more pronounced effect on percent motile taxa than did any of the hydromorphological modifications investigated. It is possible that the categorizations of hydromorphological modification used in the WISER data did not adequately describe the extent of change imposed upon the river sites, thus obscuring any relationships.
However, the STAR data indicated that percent motile taxa were not related to visual estimates of the percentage cover of fine sediment in the bed substrate. Rather, percent motile taxa appeared to be related to nutrient conditions, as was found in the WISER data.
Although motile taxa do thrive in fine substrates (Dickman, Peart, & Yim, 2005) , there may be competitive advantage to this trait under other conditions. The relationship between percent motile and nutrients could be a consequence of competition for light between algal species favouring those taxa that can migrate to the top of the layer of benthic algae when nutrients are abundant, or simply that many species with these characteristics (small, rapidly growing, and motile) are indicative of high nutrient conditions (Kelly et al., 2001 ).
4.3 | Does the diatom assemblage vary with cover of fine substrate?
Despite the lack of a relationship between percent motile and substrate composition, the Welsh data indicated that percentage cover of fine sediment had a strong influence on diatom assemblages. This pCCA took into account variation due to natural gradients in river type and nutrient concentrations, leaving only that variation attributable to differences in cover of fine sediment, and it was possible to rank the taxa according to their affinity to this gradient. Despite a clear taxonomic response to sediment, motility did not show any association with the gradient of percentage cover of fine sediment. It appears that motility is a trait characteristic of taxa associated with a wide range of fine sediment conditions and cannot be reliably attributed to any part of the gradient of sediment pressure. Hence, it is recommended that percent motile taxa are not used as an index of fine sediment. On the other hand, the other trait investigated, nutrient affinity, did show a significant relationship with the gradient of percentage cover of fine sediment. As the partial analysis took into account that portion of the variation that was due to river type when ranking the taxa against the gradient of fine sediment, this response was not due to rivers with fine substrate tending to have higher nutrient concentrations. Specifically, orthophosphate concentration in the water was one of the covariables used in the analysis. As finer substrates are more strongly associated with anoxic conditions within the substrate and nutrient recycling (Pretty, Hildrew, & Trimmer, 2006) , it is possible that within-river sources of nutrients encourage those taxa with high nutrient affinity where fine sediment dominates the substrate. Despite the failure to confirm percent motile as a diatom-based index of fine sediment, the strong influence of percentage cover of fine sediment on diatom assemblages suggests that there is potential to develop a robust metric relating diatoms to fine sediment pressure using the approach outlined here. Excess fine sediment has a variety of both direct and indirect impacts on diatoms (Jones et al., 2014) , which may influence the ranking of taxa along the axis of percentage cover of fine sediment. Although motility may confer an advantage with respect to burial, taxa with small stature, robust frustules, and/or strong adherance structures are more resistant to the scouring associated with excess fine sediment. Nevertheless, the analysis undertaken here does not seek to attribute causal mechanisms, which may be various and involve multiple traits, rather to establish a statistically robust ranking of the relative abundance of taxa along the gradient of fine sediment pressure. In Table 2 , we have made the provisional next step in the development should be tested against an independent dataset to confirm its performance. Hence, we suggest that the index is not used until more rigorous testing has been undertaken with an independent test dataset, in particular to determine any influence of seasonal changes in diatom assemblage composition.
| CONCLUSIONS
Although benthic diatoms have been used primarily as indicators of eutrophication, deposition of excess fine sediment has the potential to cause a significant impact on benthic diatoms (Jones et al., 2014) . Here, we have tested the suggestion that the relative proportion of motile taxa can be used as an index of stress from fine sediment. Although diatoms did show a distinct response to percentage cover of fine sediment, we found that percent motile taxa and the trait motility were not correlated with percentage cover of fine sediment. Rather, the percent motile index appears to be correlated with nutrient concentration. Hence, we recommend that percent motile taxa are not used as an index of fine sediment and suggest that a new index should be developed. We suggest that the approach described here has the potential to be developed into an index of sediment conditions and present a provisional version of such an index (diatom indicator of sediment conditions) on the basis of the response of diatoms to fine sediment. However, we caution that this index requires considerable further development and testing before use.
Despite hydromorphology having considerable potential to affect benthic diatoms, the existing indices tested, which have been designed to assess stress from eutrophication, were robust to hydromorphological modification, thus reducing the possibility of false diagnosis of impacts.
